Novel polymer-coated fiber-packed microcolumns in liquid chromatography (LC) have been developed. Typical polymeric materials, such as polydimethylsiloxane and polyethyleneglycol, which are conventional stationary phases of capillary columns in gas chromatography (GC), have been employed as coating materials onto the surface of fine filaments. Packed longitudinally with a bundle of polymer-coated filaments into a stainless-steel capillary of 0.8 mm i.d., 150 mm length, several types of polymer-coated fiber-packed columns were prepared, and the retention behavior of aromatic compounds on these columns has been studied. A good linear relationship was obtained for van't Hoff plots over the temperature range between 0 and 200 C, clearly indicating an excellent heat-resistant property of these polymer-coated fibrous stationary phases. Taking advantage of the heat-resistant feature of the fibrous stationary phases, the separation of several test mixtures with temperature-programmed elution was studied, where a solvent gradient program was additionally introduced if needed. Separation was also carried out with pure water as the mobile phase using an appropriate temperature program.
Introduction
Miniaturization of analytical systems has been regarded as one of the most important projects in the field of analytical chemistry, because these systems enable one to not only decrease the resources and energy required for analysis, but also to perform rapid and precise analysis. Microcolumn liquid chromatography (micro-LC) is a typical example for the development of microscale analytical systems having a number of advantages. [1] [2] [3] Compared to a conventional column size of 4.6 mm i.d. in a commercially available LC system, the size of the microcolumn being less than 1.0 mm i.d. makes it possible to be easily hyphenated to mass spectroscopy, and to reduce the amount of chemicals, including the stationary phase and the mobile phase.
By downsizing the column, the employment of a unique stationary phase with a limited availability based on a preliminary synthesis could be realized. 3, 4 The use of a miniaturized column also permits an effective employment of temperature-programmed elution, due to a smaller heat capacity of the column. Although the effect of the temperature in typical LC using a chemically modified silica-based material, such as octadecylsilica (ODS), has been regarded as a minor parameter affecting the separation when compared with that in gas chromatography (GC) separation, the temperature effect on LC separation has been studied; [4] [5] [6] also the advantages in high-temperature LC have been reviewed by Greibrokk et al. 7, 8 Teutenberg et al. determined the vapor pressures, viscosities and static permittivities of simple solvents and binary solvent mixtures used in reversed-phase liquid chromatography in given temperature ranges, and extensively discussed the influence of temperature on reversed-phase LC along with the strategy for temperature programming. [9] [10] [11] [12] [13] [14] By introducing fine fibrous materials as the extraction medium, several novel microscale sample preparation techniques were developed based on excellent resistance to typical organic solvents. [15] [16] [17] [18] [19] [20] [21] [22] These fibrous materials were also employed as a stationary phase in GC, because of their excellent thermal stability over the temperature range typically used in most of GC separations. [23] [24] [25] [26] [27] Coated with typical polysiloxane-based materials onto the surface of the fibrous materials, the retentivity was significantly improved, and also the selectivity could be designed on the basis of the type of polymeric coatings. [24] [25] [26] [27] In terms of the fibrous stationary phases in micro-LC, Kiso et al. have reported examples of the separation of alcohols and polycyclic aromatic hydrocarbons (PAHs) on capillary columns packed with fibrous cellulose acetate. 28, 29 Marcus et al. applied so-called capillary-channeled polymer (C-CP) fibers as stationary phases in LC. [30] [31] [32] [33] [34] [35] [36] With a fibrous material as the stationary phase, the expected backpressure is significantly reduced when compared to typical particle-packed columns currently employed, allowing a higher flowrate without a high back pressure over the column. 30 In this work, polymer-coated fibrous stationary phases were introduced as stationary phases in micro-LC, and temperature-programmed separations were carried out after basic considerations to the thermal stability and the retentivity of the fibrous stationary phases developed.
Experimental

Materials
All of the reagents and solvents were of analytical reagent grade, and obtained from either Kishida Chemical (Osaka, Japan) or Wako Pure Chemical (Osaka, Japan). Water was purified by a Milli-Q Water Purification System (Millipore, Tokyo, Japan). Zylon, poly(p-phenylene-2,6-benzobisoxazole), fiber of ca. 11.5 μm o.d. was obtained from Toyobo, Otsu, Japan. As the coating materials, HR-1 (polydimethylsiloxane), HR-17 (50%-phenyl-50%-methyl-polysiloxane) and HR-20M (polyethyleneglycol) were employed. All of these polymeric coating materials were obtained from Shinwa Chemical Industries (Kyoto, Japan).
Preparation of polymer-coated fiber-packed columns
The preparation of the polymer-coated filaments was as follows. [23] [24] [25] [26] First, a fused-silica capillary of 0.32 mm i.d., 1.0 m length packed with 332 of Zylon filaments was connected to a pressure-proof vessel containing 10 mL of acetone, and washed with a solvent pumped by N2 gas at a pressure of 500 kPa. After the same volumes of the following solvents, water, acetone and chloroform, were pumped in a similar manner, the capillary was allowed to dry by using N2 gas flow at room temperature for about 2 h. Second, the capillary was subjected to heating in a GC oven with the flow of N2 gas. The temperature was programmed from room temperature to 300 C at 2 C/min, and then held for about 10 h. Next, the solution of the polymeric coating material in n-hexane containing a cross-linking reagent was pumped through a packed capillary.
On the basis of preliminary experiments, the concentration of the above-mentioned polymeric solution was set at 7%, as the first choice, to evaluate the basic retention characteristics. After 5 mL of the polymer solution had been pumped, the N2 flow was maintained for more than 5 h. Then, the column was installed in the GC oven again and the temperature was programmed from 40 to 300 C at 0.5 C/min, and then held for more than 60 h.
In order to prepare polymer-coated fiber-packed microcolumn, a bundle of 3320 polymer-coated filaments synthesized as mentioned above was longitudinally packed into a stainless-steel tube of 0.8 mm i.d., 150 mm length using a method described previously.
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LC measurements
The micro-LC system consisted of two micro PU-01 pumps, a DG-2080-45 degasser, an MX-2080-32 mixer, a UV-2075 UV/Vis detector (Jasco, Tokyo, Japan) and a 7520 micro-injector with a 0.2-μL loop (Rheodyne, Cotati, CA) where, if necessary, a home-made microcolumn was employed to avoid any undesirable bubble formation that may cause unstable baseline, especially for separation at high temperatures.
As mobile phase solvents either a mixture of acetonitrile/water or pure water was used at a typical flowrate of 100 μL/min, unless otherwise specified. The peak of uracil was regarded as being a dead-time (t0) marker. A modified HP 5890 gas chromatograph (Yokogawa Analytical Systems, Tokyo, Japan) was used as a column oven, while a home-made water bath was employed especially to control subambient column temperatures.
All of the data collection was carried out with ChromNAV data handling/analysis software (Jasco, Tokyo, Japan) running on a personal computer, while an appropriate baseline correction was made using the software, if needed.
Results and Discussion
Retention behavior of polymer-coated fiber-packed columns
In order to evaluate fundamental retention behavior of polymer-coated fibrous stationary phases, naphthalene and anthracene as representatives of non-polar aromatic compounds were introduced as test analytes. The retention data are summarized in Table 1 , where the data on two types of polymer-coated fibrous stationary phases are tabulated along with that obtained on a non-coated fibrous phase. Compared with the non-coated fibrous phase, both of two polymer-coated fibrous phases showed a significantly higher retentivity compared to these sample probes, although a difference between the retentivities on these two polymer-coated phases could be found with similar selectivities toward these analytes. The results clearly demonstrated the contribution of the polymeric coating to the surface of the fine fibrous support material on the retentivity to these analytes. [23] [24] [25] In those studies, even if the retentivities to homologous analytes were different, a general trend in the selectivity between these analytes could be similar, suggesting the existence of an optimum combination of the type of polymeric coating and the fibrous material. 25, 39 Based on a successful polymeric coating on the surface of Zylon fiber, confirmed as the increased retentivity to two typical non-polar analytes in Table 1 , the HR-17 coating was chosen as the main coating material in following experiments.
Logarithmic retention factors obtained for five PAHs, naphthalene, anthracene, pyrene, triphenylene and chrysene, are plotted against the hydrophobicity in Fig. 1A , where P is the 1-octanol/water partition coefficient. 40 As can be seen from a good linear relationship in Fig. 1A , a reversed-phase retention is the main driving force of the retention of these analytes on the polymer-coated fibrous stationary phase. A similar trend can also be observed in Fig. 1B . In this figure, it can be found that a good linear correlation exists between the logarithmic retention factors of alkylbenzenes with different alkyl chain lengths, from ethylbenzene to decylbenzene. The results have good agreement with our previous results, 26 where a linear relationship was observed between the carbon number of the alkyl group in alkylbenzenes and the logarithmic retention factor. Figure 2A shows van't Hoff plots for naphthalene on various fiber-packed columns. In addition to two types of HR-17-coated fiber-packed columns prepared with different polymer concentrations, two other polymer-coated fiber-packed columns prepared with HR-1 and HR-20M coating materials are also plotted along with that of a bare fiber-packed column for a comparison. A good linear correlation was observed for all phases. As can be easily expected from the data in Table 1 , greater retentivity was obtained with HR-17-coated phase than the HR-1-coated one, and also a higher polymer concentration induced a higher retentivity. At the same time, it can be found that the slope of the plot depends on the type of polymeric coating material, as found in many thermodynamic studies published earlier. A similar good linear relationship was found for decylbenzene in Fig. 2B , indicating not only the constant thermodynamic behavior of the polymer-coated fibrous stationary phase, but an excellent thermal stability over the temperature range up to 200 C with a mixture of acetonitrile/water as the mobile phase. The thermal resistance of the polymer-coated fibrous stationary phase was also confirmed by the fact that no change in the retention time was observed, even after continuous use at 200 C for 7 h. This is one of the advantageous features of the polymer-coated fibrous stationary phase, because the column could be employed in a temperature-programmed separation.
Temperature-programmed and solvent gradient separations
Introducing a temperature-programmed elution, the separation of two standard mixtures was carried out. As can be found in Fig. 3 , a satisfactory separation performance was obtained for the separations of these alkylbenzene homologous mixtures, although it was expected that the actual temperature of the stationary phase interacting the solutes might be somewhat different from the oven temperature. With the help of a home-made back-pressure column at the exit from flow-cell of the UV/Vis detector, no significant baseline disturbance was observed in those temperature-programmed separations up to 200 C.
Simultaneous operation of both the temperature program and the solvent gradient for the separation of an alkylbenzene mixture on HR-17 polymer-coated fiber-packed column was also studied. Compared with the chromatogram without either solvent gradient or temperature program (Fig. 4A ), significant improvements on the separation could be seen in Figs. 4B and 4C, where a solvent gradient separation or a temperature-programmed separation was carried out, respectively, on the same stationary phase. With simultaneous operation of these parameters (Fig. 4D) , a satisfactory separation was established, although the separation conditions could be further optimized for the separation of this particular sample mixture.
Temperature-programmed elution with pure water as the mobile phase Taking advantage of a good heat-resistance of the developed polymer-coated fibrous stationary phase, high-temperature separations of alkylbenzenes (Fig. 5A) and phthalates (Fig. 5B) were conducted with pure water as the mobile phase. Although the entire separation efficiencies in these chromatograms could not be comparable with that of modern commercially available silica-based stationary phases for high-performance separations, a satisfactory separation ability of the polymer-coated fiber-packed column was obtained without any organic modifier in the mobile phase. Since several advantages of using pure water as the mobile phase have been recently focused, [41] [42] [43] [44] [45] the results in Fig. 5 clearly suggest a future possibility of the polymer-coated fibrous stationary phase in micro-LC with pure water as the mobile phase, along with that in microscale sample preparation techniques on the basis of a temperature-programmed operation.
Conclusions
Packing a bundle of polymer-coated synthetic fiber as the stationary phase into a stainless-steel capillary, polymer-coated fiber-packed columns in micro-LC were prepared. After introducing a polymer coating to a fibrous polymeric support, the increased retention to the analytes was observed in all of the polymer-coated fiber-packed columns prepared. A good liner correlation existed in the van't Hoff plots for the HR-17-coated fiber-packed column in the range between 0 to 200 C, showing a good thermal stability of the column, and also enabling temperature-programmed separation based on the reproducible retention time in the temperature range.
The compatibility to temperature programming allowed the LC separation of typical hydrophobic compounds with pure water alone as the eluent. Although the typical theoretical plate number of the polymer-coated fiber-packed columns could not be comparable with that of conventional particle-packed columns at this stage, one can find a future possibility of using fibrous materials as a stationary phase for microcolumn separation, especially with pure water as the mobile phase under high column temperature conditions. The fibrous materials could be further applied to microscale sample preparation as the extraction media. More extensive studies, including more precise control of the column temperature, theoretical prediction of the retention during temperature-programmed elution, 14, 46 and the development of other polymer-coated fiber-packed materials, [47] [48] [49] are currently being investigated in our laboratory, including the employment of these fibrous materials as an extraction medium in a miniaturized sample preparation technique.
